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The bacterial protein tyrosine phosphatase YopH is an essential virulence determinant in Yersinia pestis
and a potential antibacterial drug target. Here we report our studies of screening for small molecule
inhibitors of YopH using both high throughput and in silico approaches. The identified inhibitors repre-
sent a diversity of chemotypes and novel pTyr mimetics, providing a starting point for further develop-

ment and fragment-based design of multi-site binding inhibitors. We demonstrate that the applications
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of high throughput and virtual screening, when guided by structural binding mode analysis, is an effec-
tive approach for identifying potent and selective inhibitors of YopH and other protein phosphatases for

© 2012 Elsevier Ltd. All rights reserved.

Infection with Yerisinia spp. has represented one of the greatest
human health concerns, causing human diseases ranging from gas-
trointestinal syndromes to Bubonic Plague.! Yersinia pestis, the
causative agent of the plague, is classified as a Category ‘A’ bioter-
rorism hazard by the Centers for Disease Control. Plague killed
roughly one-third of the European population in the middle ages,
and has been estimated to have taken the lives of over 200 million
people worldwide.? While effective therapies exist, treatment of
these pathogenic bacteria has become more difficult in the last
decades due to the emergence of antibiotic resistance. Such bacte-
ria have gained resistance to common medicines such as penicillin,
chloramphenicol, and tetracycline. In addition, there is increasing
risk of misuse of infectious agents as weapons of terror, as well
as instruments of warfare for mass destruction.> Therefore, the
development of novel treatments of these bacterial infections has
taken on a new urgency.

The Yersinia genus itself consists of three members, Yersinia pes-
tis, Yersinia entercolitica, and Yersinia pseudotuberculosis. Y. pestis is
the causative agent of the plague, whereas Y. enterocolitica and Y.
pseudotuberculosis typically cause a food borne illness. These
pathogens utilize a Type 3 Secretion System (T3SS) to translocate
six virulence proteins into the cytosol of host cells.* These Yersinia
effectors, which are referred to as Yops (Yerisnia outer proteins), in-
clude YopH, YopE, Yop]/P, YpkA/YopO, YopT, and YopM. YopH,
which belongs to the class of enzymes called protein tyrosine
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phosphatases (PTPs), is an essential virulence factor that plays a
key role in Yersinia pathogenicity.® As a potential drug target, YopH
has attracted attention in the search for effective antibacterial can-
didates to combat Yesinia virulence. Efforts in the development of
small molecule inhibitors of YopH have led to the discovery of
promising lead compounds.®'2 Recently, several crystal structures
of YopH in complex with small molecule inhibitors have been
determined,'>~'° offering promise in structure-based design of po-
tent and selective compounds against YopH for drug development.

We previously reported the discovery of small molecule leads
against the Yersinia protein kinase A (YpkA) using in silico database
screening.!” Aimed at identifying structural features of YopH for
structure-based drug design, we have also performed a compara-
tive docking study of YopH with respect to the Salmonella PTP
(called SptP) and the eukaryotic PTP1B,'® and applied molecule
docking and 3D-QSAR approach to investigate the probable bind-
ing interactions of two series of inhibitors of YopH: a-ketocarboxy-
lic acid and squaric acid.'® Herein, we report our efforts in finding
novel inhibitors of YopH through a combination of high through-
put screening (HTS) and virtual screening (VS).

HTS was carried out at the Rockefeller University HTS Facility
for a set of ChemDiv library containing 15,000 drug-like com-
pounds. The compounds were screened in a 96-well format
through an in vitro assay using the catalytic domain of YopH
(residues 163-468) and pNPP as substrate. The inhibitory activity
of the compounds was determined in comparison to 200 pM
sodium orthovanadate, a general PTP inhibitor. Compounds dis-
playing significant inhibition at 100 pM were subjected to further
analysis. Of 49 initial hits, 15 compounds were selected for closer
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Table 1
Inhibitors of YopH identified through HTS and VS
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Table 1 (continued)
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o) \ N
9 4.01 VS I
o
/
B )
N /N\\ N*/
10 7 N_J 444 Vs Y
— N
N
o8
N
\
\ ~o0 Cl
(@)
o © Cl
11 _ /) 4.48 VS 1
N
i
oy
7
0 o
NN S
12 - /N—< 461 'S Y
N NH,
O~N+
\(\)
H
O N \(
NH
13 : N % 4.73 VS u
(6]
'O’N\T
o OH
OH
14 8.10 VS U
N—~ N
O~
0™ o
[¢]
|\
N
\N = S
15 )\ | 0.88 HTS Open
Yz N
o N l\ll
Cl
(0]
~ N
16 j\ -~ | 1.28 HTS Open
° |



X. Hu et al./Bioorg. Med. Chem. Lett. 23 (2013) 1056-1062 1059

Table 1 (continued)

Compound Structure ICs0 (ULM) Screen method Predicted binding mode
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Figure 1. Predicted binding mode of YopH inhibitor (A) ‘I-shaped’ binding mode with compound 6, (B) ‘U-shaped’ binding mode with compound 5, (C) ‘Y-shaped’ binding
mode with compound 12, (D) open binding mode with compound 17. The pTyr catalytic binding pocket is shown with surface in cyan color. The secondary phosphate binding
site is shown with surface in green color and residue Arg205 in the pocket is shown with sticks. The conserved FDR (Phe229-Arg230-Asp231) motif of YopH is shown with
sticks in yellow color of carbone atom and the nitrogen and oxygen are in blue and red color.

inspection and ICsy determination. When interrogating ICsq values,
we used two known specific YopH inhibitors, aurintricarboxylic
acid (ATA) and furanyl salicylate, as controls. They both produced
ICso values similar to previously reported results.””'? In parallel
with HTS, a large-scale virtual screening was performed for the
entire ChemDiv library containing more than 400,000 drug-like
compounds. The crystal structure of YopH in complex with small
molecule inhibitor nitrophenyl phosphate (PDB 1PA9) was used
to dock compounds into the active site.'# To improve the docking
accuracy and screen efficiency we applied a two-step hierarchical

screening strategy using both FlexX and AutoDock.!” The top
scored hits were visually inspected, and 85 compounds were cher-
ry-picked for in vitro inhibitory activity assay.

The identified inhibitors from the two screening campaigns are
summarized in Table 1. Of 85 tested hits from VS, 14 compounds
had potency of ICsq below 10 pM. The most potent hit is a salicylic
acid derivative which has been extensively studied as inhibitors of
YopH.>'? These compounds showed a diversity of structural char-
acteristics with the pTyr mimetics such as phosphonate, sulfonate,
sulfonamide, carboxylate, benzoxylate, and salicylate that are
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Figure 2. (A) Potential pTyr mimetics bound in the catalytic pocket of YopH. (B) Functionalities and fragments favorable to the second binding site and FDR motif.

typically found for inhibitors of protein tyrosine phosphatase. In sess a core of pytimidotriazine-dione, which likely acts as a pTyr
contrast, two chemotypes of inhibitors among 15 tested mimetic bound in the catalytic pocket. Though these inhibitors
compounds were identified from HTS. Compounds 15 and 16 pos- are relatively small, they exhibited high potency compared to other
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inhibitors from VS (ICso=0.88 uM for compound 15). Another
series of compounds, 17 and 18, share a common scaffold of
dimethylpyrimidine-trione, similar to compound 4 and 9 identified
from VS. Interestingly, the two chemotypes were not found in VS.

We attempted to determine the binding mode of the inhibitors
by co-crystalizing them with protein, but have not yet obtained
adequate crystals. We therefore performed a refined docking anal-
ysis and MD simulations to examine the binding interactions of the
hit compounds to the binding sites of YopH. Overall, three binding
modes were identified with these YopH inhibitors. The first and
most common binding mode involved a common functionality
binding in the conserved catalytic pocket to mimic the substrate
phosphotyrosine, forming extensive H-bonding interactions with
residues in the conserved P-loop and the flexible WPD loop.
Figure 1A illustrates the binding interactions of compound 6, the
benzoic acid acting as a pTyr mimetic inserted into the catalytic
pocket, whereas the benzoloxazin-4-one group on the other end
of the molecule was pointed to the conserved FDR (Phe229-
Arg230-Asp231) motif in the front of the pocket. Such a straight
‘I-shaped’ binding mode is typically observed with inhibitors of
YopH and PTP1B in crystal structure complexes. The second mode
adopted a ‘U-shaped’ binding conformation that the compound
occupied both the catalytic pocket and the secondary phosphate
binding site (Fig. 1B). Compound 1, the most potent hit identified
in our screen, adopted the same binding mode. Our binding mode
analysis showed that the high potency of this compound was
apparently contributed from the characterized hydroxybenzoic
acid in the pTyr binding pocket and the oxadiazolpyrazine group
bound in the secondary phosphate binding site. Indeed, MD
simulations of the binding complex indicated that the heterocyclic
ring together with the fluorophenyl group were accommodated
well in the secondary binding pocket and formed extensive hydro-
phobic and H-bonding interactions mainly with residue Arg205.

The third binding mode probably represents the most intriguing
class of YopH inhibitors discovered. In this mode, in addition to the
pTyr mimetic binding in the catalytic pocket, two functional arms
occupy both the secondary phosphate binding site and the FDR site
simultaneously. Compounds 7, 8, 10, and 12 showed such a poten-
tial ‘Y-shaped’ binding conformation to YopH (Fig. 1C). However,
compared to the hits in other two binding modes, these tri-site
binding inhibitors did not exhibit higher potency as expected. Se-
lected from database screening, these compounds are typically lar-
ger that required for shape complementary to each of sites, so it is
not surprising that they are not optimal for the binding to YopH.
Further structure-based lead optimization could improve the activ-
ity of these inhibitors.

Finally, we focused on the two series of inhibitors from HTS and
investigated why they failed in VS. The binding scores of these
docked compounds in VS were typically low as compared to the
top-ranked hits. Docking studies showed that the pTyr mimetic
of dimethylpyrimidine-trione was unable to bind into the catalytic
binding pocket of YopH which was used in the VS. The WPD loop
appeared to pose a significant steric hindrance to the bulky group.
On the other hand, these inhibitors were accommodated well in
the open conformation of the pTyr binding pocket of YopH (PDB
1YPT) (Fig. 1D), similar to the ‘open-bound’ PTP1B inhibitor of
naphthyloxamic acid.2° This inspired us to perform in silico screen-
ing using an open conformation of the WPD loop of YopH.

To investigate the selectivity of these identified YopH inhibitors
we performed a comparative analysis with two other protein tyro-
sine phosphatases, eukaryotic PTP1B and Salmonellal SptP.!'® We
modeled the binding of the compounds with these PTPases using
an approach combining step-wise ensemble-docking with MM-
PBSA calculations.?! In general, these YopH inhibitors showed
weak binding affinities to SptP, but were more comparable to the
binding of PTP1B, particularly for the inhibitors with ‘I-shaped’

binding conformation (Supplementary data S1).The results were
in agreement with our previous analysis that YopH and PTP1B
shared similar binding interactions at both the active site and adja-
cent peripheral sites including a conserved YRD motif, whereas
SptP exhibits large difference at these binding sites in terms of
molecular surface shape and charge distribution.'® Notably, the
‘U-shaped’ compounds typically showed high binding affinities to
YopH, suggesting that the selectivity of these YopH inhibitors were
mainly contributed from the binding interactions at the second
phosphate binding site.

The promiscuous inhibition of protein tyrosine phosphatases
remains a major problem in the search of selective PTPase inhibi-
tors for drug development. To probe the promiscuity of the current
hits, we assessed the cross-activity of these compounds that have
been tested in other biological assays. A promiscuity index (PI)
was obtained by inspecting the assays in which the compound
was tested and in how many of those assays it was reported to
be active in PubChem. For inhibitors without any test results in
PubChem, we searched for analogues and calculated the PI of the
closest one to access the potential promiscuity of the structural
scaffold. Overall, most of these YopH inhibitors showed low Pls
(Supplementary data S1). For example, compound 2 was tested
in 551 assays and was active in just two assays (pyruvate kinase
and EBI2 receptor). Compound 7 was only active in 8 of 570 assays.
The results suggest that these YopH inhibitors are unlikely to be
promiscuous, though this requires further evaluation. In contrast,
Compounds 15 and 16 showed an unusual high PI (active in 134
of 560 assays and 6 of 11 assays, respectively), indicating that
the core of pyrimidotriazine-dione is probably a promiscuous one.

One of our goals in this study is to identify novel pTyr mimetics
and functional groups favorable to the different binding sites of
YopH for structure-based design of novel multi-valent inhibitors
using fragment linking.?>?> As illustrated in the binding mode
analysis of our identified compounds, an efficient strategy for
developing YopH inhibitors is to target the conserved catalytic
pocket with the FDR motif and the secondary phosphate binding
site to improve the potency as well as selectivity. Figure 2 lists
the pTyr surrogates and fragments that frequently scored best in
docking and which possessed appreciable inhibitory activities
against YopH. Some of the cyclic pTyr mimetics appear to be novel
to YopH, whereas the fragments identified at the secondary phos-
phate binding site are likely more selective. It is worth mentioning
that most of the pTyr mimetics and functional groups were able to
bind to the FDR site, therefore, could be utilized to target both sites
by tethering to a common connector such as a heterocyclic ring of
furan and pyrrole.

In summary, using high throughput and virtual screening ap-
proaches we identified a number of potent inhibitors against the
Yersinia virulence effector YopH. These small molecule compounds
represent a diversity of chemotypes and pTyr mimetics. Character-
ization of the binding modes of these inhibitors provides a useful
guide for structure-based design of potent and selective inhibitor
as drug candidates to combat Yersinia virulence.
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